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1. INTRODUCTION

The term "shaped charge" is applied to explosive charges with lined or unlined cavities. The cavity is

formed in the end of the explosive charge opposite the point of detonation. The term "shaped charge,"

however, has a more general meaning, e.g., in Cook (1958). The shaped charge is sometimes refened to as

the hollow charge (in the U.K. and the U.S.), the cumulative chhrge (in the USSR), or the Hohlladung (in

Germany).

2. HISTORY

The history of shaped charge conception and development is wrought with controversy. In 1792, the

mining engineer, Franz von Baader (1792), allegedly noted that one can focus the energy of an explosive

blast on a small area by forming a hollow in the charge. Lenz (1965) stated that Baader, in 1799 (not

1792!), observed that if depressions or shapes were cut in an explosive and placed face down on a steel plate,

the detonation would cause these shapes to appear on the plate. This is known as explosive engraving.

D. R. Kennedy (1983) presents additional information on the life of von Baader and his version of the

history of the shaped charge effect. Other historical accounts are given in Berkholtz (1988) and in Walters

and Zukas (1989).

The original von Baader (1792) paper, however, primarily discussed bore hole drilling and loading.

confinement effects on propellants, the positioning of a small air cavity between the explosive powder and

the tamping (at best, a standoff distance effect), and rock fragmentation. His original paper did not discuss

explosive engraving or hollow cavity charges. However, this is a moot poini since vn Baader used black

powder in his experiments which is not capable of detonation or shock formation. AcUtl aseped charge

devices were made possible by the discovery of blasting caps (detonaton) by Alfred Nobel (Mohaupt 19m6;

E. I. du Pont 1980) in 1867. The explosive reacton initiaed by these blasting caps could popagate

through a column of explosive without the use of cnfnemenL This was tmued "detonaiuon" or "'rimt

explosion." Thus, the first demonstration of die hollow cavity effect for high explosives was achieved by

von Foerster (sometimes spelled Fosw, the crrec spelling being Foster with an umlaut over the 0o"

which may be writen as "oe') in 1883 (von Foerster 1883, 1884). A rnhlatioofa some ofLieutent

von Foerster's work is given in Wismer (1886). Quoting from von Foeemer (Wisr 1886):

"If a coin be placed between a gun cotton cartridge and a wrought-iron plate, the figures

and letters in relief on the coin will appear in the iron as depressions after th explosion;

if, instead of the coin, a green leaf be inserted, the entire skeleton of the leaf will appear



on the iron plate after the explosion. The more prominent, as well as the finer veins,

protect the underlying iron, the more delicate parts of the leaf, lying between the veins,

cannot afford the same protecion; hence, the depression under the latter is the greater."

Again, this is a form of explosive engraving. Kennedy (1983), Freiwald (1941), Scha.din (1954), and

Berkholtz (1988) provide further detail on the discoveries of von Foerstr and conclude that he was the true

dic, overer of the modern hollow charge.

Also, Gustov Bloiem (1886) of Dusseldorf patented a shell for detonating caps which resembles a shapcd

charge with a hemispherical liner.

The hollow cavity (i.e., unlined shaped charge) was rediscovered by Charles E. Munroe of the Naval

Torpedo Station, Newport, Rhode Island. Munroe's discoveries date from 1888 and are well documented

(Munroe 1888a, 1888b, 1888c, 1894, 1900). The hollow charge or cavity effect is known in the U.S. and

U.K. as the Munroe Effect.

Murnroe (1889c) detonated blocks of explosive in contact with steel plates. The explosive charge had

the initials U.S.N. (United States Navy) inscribed on the charge opposite the point of initiation. These

initials were reproduced on the steel plate. Munroe further observed that when a cavity was formed in a

block of explosive, opposite the point of initiation, the penetration, or depth of the crater produced in the

target, increased. In other words, a deeper cavity could be formed in a steel block using a smaller mass of

explosive! In Munroe's own words:

"We have offered as an hypothesis to explain this phenomenon that, where spaces exist

between the gun cotton and the iron, portions of the undetonated gun cotton, or of the

products of the explosion, the indentions are produced by the impact of these moving

particles. We have devised many experiments to test this theory, and all have tended to

confirm iL Among others we have bored deeper and deeper holes in the gun cotuon, until

we have completely perforated it. and the indentations made in the iron plates have

increased with the depth of the hole in the gun cotton disk until, when the hole was bored

completely through the gun cotton, we succeeded in completely perforating the irn

plate." (Munroe 1888c; Clark 1948)

The increase in penetration results from the focusing of the explosive pies (detonation products) by the

hollow cavity.
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One of the first Lined shaped charges (or perhaps the frst shaped charge if we discount Bloem [(1886])

was devised by Munroe (1894) and Clark (1948). This device consisted of a tin can with sticks of dynamite

tied around and on top of it. with dhe open end of the tin can pointing downward. It was used to punch a

hole through the top of a steel safe.

Early German reference to the hollow cavity effect, after von Rzirster and Bloem, occurred in 1911-1912

patents in the U.K. and Germany by WASAG (Westfalische Anhaltische Sprengstoff Actien Gesellschaft)

(1910.1911). The WASAG patents clearly demonstrated the hollow cavity effect and the lined shaped

charge effect, Also, M. Neumann (1911) and E. Neumann (1914) (who ame often confused in the literature)

demonstrated the hollow cavity effect. M. Neumann (1911) shows a greater penetration into a steel plate

from a cylinder of explosive with a hollow, conical cavity (247 grams of Trinitrotoluol) than from a solid

cylinder (310 grams of Trinitrotoluol).

This clearly illustrates what is known in the U.S. and Britain as the "Munroe Effect" and in Germany as

the "Neumann Effect." The depth of thc crater in the target can be further increased by displacing the

hollow charge some optimal distance from the t.rget, i.e., increasing the standoff distance, especially for a

lined cavity charge. This siwuation was depicted graphically in Figure 4 of Part 1.

This effect was also illustrated in 1941 in Germany when a hollow cavity charge and a fined cavity

charge detonated at a certain standoff distance above an armor plate were compared (OTIB 1941). The target

plate was ship armor steel and the explosive mixture was 50% TNT and 50% cyclonite. The ho'low cavity

was a hemisphere with a cylindrical extension at its base equal to one-half of the diameter of the cavity (D).

The liner was made of iron. The explosive contour was of the same geometry as the cavity and the

explosive thickness was 0.15 times the cavity diameter. For the (unlined) hollow charge the penetraton

P - 0.4D at zero standoff. For the lined cavity. P - 0.7D at zero standoff, and P - 1.2D for standoffs

between 0.5 and 1 .SD. For the iron-lined charge. D represents the inside diameter of the liner.

These formulae (OTIB 1941) are not accurate but are valid only for ftis particular experiment, They are

not universal laws. but do illutrate the relative increase in performance in going from unlined to lined

charges with a non zero standoff distance.

Kennedy (1983) describes similar studies dated from 1913 to the early 1930.k concened with the hollow

cavity effect in mining and detonation devices.

Others, notably Baum et al. (1949) and Rollings et al. (1971), attribute the hollow cavity effect to
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M. SukharekU (also transliterated as Sukhreski and Sucharewski). sec Murphy (1983). for example.

Indeed, Sukhareskii (1925) was the first known Soviet to investigate the shaped charge effect (in 1925-

1926). He observed an increase in the explosive effect by a factor of 3 to 5. He also noted that the

dimensions of the perforation achieved by hollow charges were proportional to the dimensions of the

hollow cavity of the charge. Berkholtz (1988) and Schardin (1954) provide further detail on the life and

results of Sukharesi.

The first Italian paper on the shaped charge effect was by C. Lodati (1932). Apparently Schardin (1954)

reviewed this work and reported that LodaLi did not contribute anything new to the field.

Early British development of the hollow cavity charge was reported in Kline (1945). Eather and

Griffiths (1983) of the U.K. provided a history of the U.K. contributions to the field of shaped charges

which includes the achievements of Evans, Ubbelohde, Taylor, Tuck, Mott, Hill, Pack, and others. A.

Marshall (1920) provides an early history of the unlined cavity charge and attributes its discovery to

Munroc.

In the U.S.. the coi. ibutions of Watson (1925) on percussion fuzes and Wood (1936) on self-forgine

fragments (also called explosively-formed penetators, Misznay-Schardin devices, ballistic discs, or

P-charge projectiles) were significant.

The Watson percussion fuzes, patented in 1925, used a parabola-shaped booster charge with a metal-

lined hemispherical cavity, or "arched shield," to intensify the effect of the booster charge. Watson (1925)

stated that the lined cavity effect required only one-fifth to one-sixth as much explosive as an unlined

booster and the lined cavity charge would function over a "considerable air gap." This fuze is, in effect, a

detonator using the shaped charge principle.

R. W. Wood (1936) of the Johns Hopkins University described what is known today as an "exploively

formed penevator." Wood's studies originated during his investigation of the death of a young woman who.

on opening the door of a house furnace, was killed by a small anrictc of metal which flew out of the live

and penetrated her breast bone. The small partcle of metal was from the coned end of a detonator which

was apparendy delivered with the coal from the mine. His paper also dismuised the plastic flow of meals.

deflagradon, and detonation. Eichelberger (1954) credited Wood for recognizing tie enhancner,, obtained

by metal lined hollow charges.

Also, Payman and Woodhead (1937) of the U.K. reported observations of jets from the cavity in the

ends of detouators. They attributed this jeuang process to the "Munroe Effect."
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The lined cavity shaped charge research accelerated tremendously between 1935 and 1950, due primarily

to World War UI and the application Cf shap.d charges to the bazooka, panzerfaust.. nd other devices. The

history of shaped charge development during this time frame is somewhat ambiguous in thai the British,

Germans, and U.S. all have made significant claims to the early development of modem lined cavity

charges.

The discoverers of the modem hned cavity effect were Franz Rudolf Thomanek for Germany and Hemy

Pans Mohaupt. a Swiss, for the U.S.. Thomanek and Mohaupt independently perfected the hollow charge

concept and developed the first effective fined cavity shaped charge penetraors.

Thomane's early work dates from late 1935 to 1939 (Freiwald 19L Szhardin 1954; Brandmayer and

Thomanek 194 3; Thomanek 1942, 1959, 1960, 1978; and Thomanek and von Huttem 1935). The

Thomanek and von Huttem patent applications (approximately 1935) pertain to hollow charges, armor

piercing shells, the shell nose design. high explosive mixtures and Additives, techniques for casting high

explosives, impaz.t fuze systems, explosive initiation systems, shoulder-fired weapons, and small caliber,

hand-held weapons. Unfonunately, this document is not dated by year, but the traislauor's note states,

"(Partly before 1935?)."

Thomanek (1960) claims discovery of the hollow charge fining effect on 4 Fe.'-uary 1938. Thomanek

and von Hunern (1935) describe the tests and work conducted by Thomanek and his co-worker. Brandmayer.

Thomanek (1942) presents a detailed account of the hollow and lined cavity chage work he conducted

from 1935 to 1941 in support of compensation he eventualy received from the Reich. He credits koer

with the first hoUow charge work in 1883 and notes the contributions of WAS AG and E. Neumann.

Thomanek reports that in 1935-36 an amor-pienwing projectile with a hollow shaped charge was

develope.d by the Army Weapons Office and patented by Captain Wimer. "rhe ammk rifle was
demonsmaed by Thomanek In the preence of Hitder in le 1935. Swadoff"offecM, liner g ,omnwy. and

liner materials were smdied exensively tant 1937 wo die *Ad of Vdd War 1 (Wahers md Zukmas 1989;

flktnanek 1942).

Thommek and colleagmue suspected that overappin shock waves fm the jettinS of a hollow cliqgs

formed a new. more lImem shock wave from the superposidon of two pimary shack waves. Thus, tM

wer performed with a ass-lined, evacuaed cavity to determine die opthmal ai cavity pviw In 1938,

Thommick and Schanin observed that glass lined s charg revealed superior perfonw nce due to dhe
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glass liner and not due to the evacuated cavity. Further studies concluded that iron and copper liners were

especially suitable for increasing peneutnon (Schardin 1954).

Thomanek (1942) listed some of his most significant accomplishments during World Wa." 1 as the

development of: a casting device for hollow charges (patent applied for 10 August 1940); acute angle cone

and liner with wall thickness for anmor-piercing projectiles (patent applied for 9 September 1940);

diaphrAgm-like liner for hollow charges (6 November 1940); and a hollow charge for rifle and-tank land

mines (29 May 1941).

Other German developments included steel liners (0.5- to 1.0-mm-thick) that were found to be superior

to gray-iron casting (June 1940) and hollow charges with conical liners (up to 1.5-mm-thick and with

angles betwven 200 and 450) which would perforate 15-mm armor plate at the proper standoff (25-30 mm).

The charges used were cast. An increase of the diameter of the blast hole was made possible by the use of a

bell.shaped, hollow charge which would also permit fewer irregularities than with the acute cone. The

diameter was 1 cm (of the charge). The idea of firing a hollow charge shell from the shoulder was first

conceived in 1937 (i.e., a rifle grenade).

Schardin (1954) noted that an exceptional degree of precision was required to guarantee the homogeneity

of the jet from a shaped charge liner, especially the rotational symmetry of the liner wall thickness.
0

Schardin also reported on the early simulation of jet formation resulting from the impact of two sueams

of water. Also, experiments were conducted where a closed, conical glass container filled with air was

plunged, apex first, into a lank of water. An explosive charge was detonated in the water below the apex of

the giass cone. The resulting shock wave in water collapsed the S liner and formed a jet of water similar

to a hollow charge. The )t of water had a higher velocity than the water fountain formed hrom a simple

underwater detonation without the glass liner.

The jet formed from a spinning shaped charge was also studied. It was ohbsred that onc Jets formed

from spinning shaped charges were tube-like In their smtuctu. Le.. hollow. WaJsu formed from

impinging Jet streams with rotating and tapered niles wee shown to shwz.te tis tube fornmdo or

hollow jets. It was also noted that Jeu from spinning shaped chrs with hemispherical linms wm les

susceptible to spin effects (angular disperizon) than Jets rom conical shaped chopg 1m (Schofn 1954).

Schardin ao reported on jet velocities of 90 km/sec reulting from symmetrically wmod dww

dures with beryllium liners. These chwges were lad into a vacuum and wu pdmady in the pswus

phase.
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L. Simon (1947) provides further detail on the German shaped charge studies during World War 11 and

on the organization of the German military/industrial complex.

Mohaupt independently developed and introduced the shaped charge concept to the U.S.. Mohaupt's

early work is given in Mohaupt (1966. 1941a, 1941b. 1947). Mohaupxs patent claimed a date of

9 November 1939 (Mohaupt, Mohaupt, and Kauders 1941a).

Mohaupt. usting lined cavity charges, designed practical military devices ranging from rifle grenades to

mortars to 100-mm diameter artillery projectiles. Tese devices were ,est-fired at the Swiss Army Proving

Ground at nhun, at Mohaupt's Laboratory, and at the French Naval Artillery Proving Ground at Gavre.

These results were also demonstrated to the U.K. who then began development programs of their own,

citing the U.K. WASAG patent as prior art (WASAG 1911). Following the early results of World War 11,

the French Government authorized the release of Mohaupt's information to the U.S. and in late 1940, tests

were conducted at Aberdeen Proving Ground, Maryland, using several aspects of lined cavity shaped charges

(Mohaupt 1966). The U.S. Ordnance Department had previously rejected a shaped charge munition

presented by Nevil M. Hopkins. an Amencan inventor. The Ordnance Department, however, used Hopkin's

claim and the WASAG patent to lower Mohaupt's requested price of $25,000. The U.S. accepted the

program, classified it, and thus excluded Dr. Mohaupt from the effort but produced the 2.36-inch HEAT

machine gun grenade and the 75-mm and 105-mm HEAT artillery projectiles in 1941. Law., the machine

gun grenade was modified to include a rocket motr and a shoulder launcher and became the bazooka. The

bazooka was first used by the U.K. in North Africa in 194 1. Other HEAT rounds were fired from tank

mounted howitzers (Kennedy 1983, Mohaupt 1966). Berkholtz (1988). Green et al. (1955). and

Watson (1950) provide additional detail on Mhapt, Hopkins, and the use of HEAT rounds in World

War I1. Gray et al. (1947) also filed a U.S. patent (in 1941) on a shaped charge device durinn the same

period as MohaupL

The ani.ank rocket weapons of World War 1 were pioneer by Dr. Robert H. Goddard who otrered the

Ordidace Depnent a seies of ate buncher designed to fir rocket projectiles • n 1918. Ooklud died

before receiving credt for his pio ring wo, althouh the bazooka, adopted 24 yam later, closly

resembled his 1918 modeL Dr. Hickman, a student o(Robest Goddard, provided coi•tbuty tothe studies

that produced the and-tank rocket weapon of World War U (Onw at al 1955). icldently, Lesoie Skidn,

formerly of Aodeen Proving Ground, has been called t•t ather of Ohw Boka." 1W Bombka derived i

name fY0ro a homemade trombone popularized by radio comedian Bob Burns (Wesson 1915).
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Kennedy (1983). BerkholLz (1988), and Walters and Zukas (1989) provide additional detail on bazookas

as well as on the work of Thomanek and Mohaupt.

The German development of shaped charge warheads during the World War I period is discussed in

Kennedy (1983, 1985), L. Simon (1947), Cave et al. (1945), Birkhoff (1947), Schumann (1945).

OT7B (1941), Schardin (1954), Kline (1945), Thomanek (1942, 1960, 1978), and Tbomanek and von

Hunern (1935). Simon (1947) and Cave et al. (1945) entered Germany near the end of World War 11 to

study and recover German technology. Simon (1947 ) reported on flash x-ray photographs in Gernnbav

including collapse studies of conical and hemispherical liners. Various other liner geometries were stud::'l

including helmet-shaped liners, botle-shaped liners, and ellipsoidal liners. The effect of varying the uie

angle, the wall thickness, and the standoff distance was studied for variou shaped charges. Also, lb.. ,Tfect

of tapering the liner with respect to thickness was studied. The Germans concluded that 60/40 cyt iowl

(a RDX-TNT mixture) was the optimum explosive fill for shaped charges and aluminized explosives

provided no additional advantage. According to Simon, the liner materials studied were steel, sintered iron,

copper, aluminum, and zinc. It was realized tha: copper was the best lincr material, but due to the shortage

of copper in Germany, zinc liners were used instead.

Schumann (1941) reports on studies relating to standoff distance effects, explosive lenses, wave-

shaping, and hemispherical liners. Schumann concluded that the hemisphere was an effective shaped charge

liner geometry (actually a hemisphere with a cylindrical extension on its equator).

Wagner (1944) discussed the SHL (Schwere Hoh~ladung or heavy shaped charge). The SHL 500 was a

65-cm diameter shaped charge used against fight ships. The SiL 1000 was apparently an improvement to

the SHL 500. The largest SHL of this series was called lde Beethoven and had a disamee of 180 an with

5,000 kg of high explosive. The Beethoven was designed for ums against ships mnd ground foificauions.

During the Normandy invasion, the Beethoven destroyed two batleships and four large uumrport ships. The

Beethoven was the formunnir of die MISTEL I and MISTEL IL which am disma ued idem led Charge

applications.

Wagner also disussed the development and production of oh mh nor pinmng. sh•ed chare

IVe hollow charge, or unline shape charg was fim deployed on May 10.,1940 by doe Oernnos on
the Belgian fort of Eben Emel. The Uemians, using 77 men, 10 glids (cocting abos 77.000

deutschmarks) and 56 hollow chugs, def•atd 780 men defeding ldo wodjas strm aes fat. le fort fell in

somewhat more than a day, but the decisive struggle took only 20 mins (Mrazek 1970). Thb hollow
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charges were of two sizes, a 10.pound and a 25-pound charge. The hollow charges knocked out the steel

cupolas (six-inches-thick) and observation turrets which led to the early demise of the Belgian defensec

(Berkholiz 1988; Mrazek 1970).

The Germans were also instrumental in transferring hollow charge research to the Japanese. These is no

evidence of hollow charge research in Japan before May 1942. At that Otie two German officers of the

Army Weapons Office, Colonel Paul Niemueller and Major Walter Merkel, provided Japan with data and

samples of the German 30- and 40-mm hollow charp rifle genade. The Japanese officials involved were

LL Col. Yoshitaka. the Japanese liaison officer for the Germans, and Col. A. Kobayashi, an explosives

expert at the Second Army Arsenal in Tokyo (OTIR 1946). Other notable Japanese researchers were

Futagami, Naruse, Nasu, Nagaoka, Nakiyama, and LL Gen. Kan. The hollow charges were presented as

highly secret and valuable project and the Germans and Japanese continued to exchange shaped charge data

until the cessation of hostilities in 1945.

Thc Japanese instigated a ms.-arch and development program of their own and addionel shaped chargc

designs were received from Germany. These designs included the panzerfaust and a large Gennan holov

charge called the "MISTERIE?" (This is undoubtedl) the MISTEL which evo ved fhom the Beethoven

charge discussed earlier). From the MISTEL, the Japanese developed the la.ge 'AKURA Bombs I and 9 for

kamikaze atacks against warships which are discussed in Part 3.

In addition to the captured U.S. and British ammunifion, and the information received frorw Gemany,

the Japanese did considerable independent research on shaped charges (OTIR 1946). Tis iescaih included:

gas flow and gas velocity from an unlined hollow charge; the jet velocity from a lined hollow charge;

peneration versus standoff distance studie s; hollow charge liner geometries varying frj,, ,•oAcal to

hemispherical caps; various liner materiels irtcluding mild steel, ropper, aluninur, zinc, asbemos, molded

bakelite, tin, and paper. recovery of jet particles in sand: and dynamic (misile) effects. The %zpageae

preferred laminated liners (three to seven sheets) over a &inle, bomoeneous liner of the ame t,.•.es.

The Japanese also concluded that a hole in fte apex of a conical or bmlihuicsi l nr wau desirable. Also,

the size of this hole was critical, an optia value for the aie hole dinsew being one-umth of Te waf to

charge diameter. (The wall thickness was taken m one tweny-flfth of dte dlwge dlamete itd th limx

diameler was taken to be fo'-filfths o the chap diamer for both conical id beimlsoierlcal linenb . Ti

optimal cone apex angle was determined to be btwem 35 to 50 degrees. Other ests used 9%-iatn-d.•. wetr,

soft steel hemispherical liners with a 2.5-mm wall thicmnes. lh. optimal open apex diasm... v:.

concluded to be three4sxteenths of the cag diameter for this wadmed.
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Tapered liners were designed based on the 30- and 40-mm German rifle grenades. They used 190 conical

steel liners tapered from 0.5 mm at the apex to 1.0 mm at the base. Other projectiles used constant wall

thickness, laminated liners. The Japanese also developed torpedos, 18 inches and 12 inches in diameter

using a tapered wall, 450 conical steel shaped charge liner with an open apex (OTIR 194G).

Other studies related to detonation physics and methods of focusing the gas flow. calculation of the

target hole volume and penetration, penetuion of concrete targets, and the recovery of jet particles by

reducing the explosive power (mixing dynamite with starch to reduce the "stength" of the dynamite) and

capturing the jet in sand (OTIR 1946).

The explosive charges used in research were spherical and formed from the arcs of two circles. Thus, the

cross section of the charge looked like a new moon or quarter moon, etc., depending on the two radii used.

Cylindrical, tapered, and boattailed explosive geomeuies were also studied as well as the effect of the high

explosive head height and the length-to-diameter ratio of the charge. In fact, the height of the charge was

varied from 0.5 of a charge diameter to 6 charge diameters. A charge height of 1.5 to 2 charge diameters

was concluded to be optimal for a 80-mm diameter charge with a 64-mm diameter soft iron, hemispherical

liner and with a 2.5-mm-thick wall (OTIR 1946).

Futagami (OTIR 1946) tested two-dimensional charges, i.e., a flat, disc-shaped charge confined between

two lead plates. Tests of this nature were used to evaluate various liner materials, cone apex angles, liner

wall thickness effects, and the effect of the diameter of the open apex region. AD of the effects, including

standoff distance studies, were also investigated with "three-dimensional' shaped charges. Futagami also

studied bimetallic liners of soft iron and copper (the iron was in contact with the high explosive). As

mentioned earlier, various liner materials were studied, including paper (of comue, as tated in OTIR [19461,

"...the paper sheU is tome in pieces and flys away.'). Tw JapaUnes also rooed doth any cavity existing

between the liner and the exploive educes the penetrating capability of the wartmd.

The Japanese anti-tank shells, although not as effective as those developed by the Germans or the

Allies, were used effectively on the Burma born. Other Japanee innovations (Kmundy 1983) Included the

suicidal 'Lunge* mine which was, in fsct, a shaped charge with a wooden handie med m an unu-tuak

weaponk.

Some of the research corActed in the U.. hn the edy fartile is ri•ed in Moim (1943). Memo

describes the research of Evans. Ubbel•ode. LAmurd-Jones, Devonihire, and An&ew. 1hW U.K. Mufied

cadmium liners (which probably produce molten jets) msd steel liners (whe the Jeo is pmb@y not liqid)

Other topics, as pursued by the Germans. Jqanme, mid U.S. wee also investigted Monro reports on

10



U.S. weapons tests and on the evaluation of captured German shaped charges with aluminum, hemispherical

liners and on Italian shaped charges using mild steel, parabolic liners. Tuck's (1943) work was also

significant in the early forties.

The research and development in the U.S. in the 1940s is documented in Kennedy (1983), Birkhoff

(1947). Cook (1958). and DM-I (1947). DM-I (1947) is an interesting history of weapons and cemolition

devices developed during World War D. Several topics are covered ranging from pocket knives to flame

throwers to Bangalore Torpedos to shaped charges. A Bangalore Torped is a long, light steel tube loaded

with explosives. It is essentially a pipe bomb. This device was invented during World War II by Major R.

L. McClintock of the Queen Victoria's own Madras Sappers and Miners near Bangalore in Mysore, India

(DM- 11947). The Bangalore Torpedo was used to remove barbed wire entanglements, clear mine fields,

and to insert into holes in fortifications made by shaped charge devices.

Shaped charge development, based on the early work of Mohaupt, was continued in the U.S. by the

Du Pont Company, the Hunter Manufacturing Company, Croydon, Pennsylvania (for the M2 shaped

charge), the Doblins Manufacturing Company, the Hercules Powder Company, the Atlas Powder Company,

and the Coming Glass Company (for glass conical liners). This work was directed by the Board of Engineer

Equipment or Engineer Board (EB). Research was conducted by Du Pont and the Eastern l.aboratory at

Gibbstown, New Jersey. Demolition charges such as the MI, M2, M2A3, M3. M3A, and others were

tested at Aberdeen Proving Ground in 1942 and developed by the corporuzios cited above. A chronology of

demolition shaped charge development from 1942 to 1946 is given in DM-1 (1947). Also, specificazione

for the M2A3 and the M3 shaped charge are given in DM.- 1947. The M3 weighs 40 pounds, 30 of which

are high explosive and contains a welded steel cone that penetrates 60 inches of conete. The M3 charge is

12.5 inches high and 9 inches in diameter. The M2A3 contains a glass, conical-shaped charge liner, it

weighs 15 pounds with 11.5 pounds of explosive and can penemae 30 inches of cocrete. The M2A3 has

approximately the same penetrating power as the MI, and fwiher details are given in Part 3 where

demolition charges me discussed.

In addition to the fundamental sumdis peforad in 1941 at the Eastern Labortory, L L Du Pont

de Nemours and Company (Du PuM), puaallel studies wom wdesiaken by the Eastern Laboraory and

Division 8, National Defense Research Committee, B3mceto", PA. The qwrso was do Office of

Scientific Research and Development. The chief scientists at the Nadonal Defolms 3mwcb Committ.e

were 0. B. Klsiakowsky, D. P. MacDougall, S. J. Jacobs, an 0. IL Mnody (Cook 195•).

At the same time, E. M. Pugh organized a group at the Carnegi Institdt of Technology. Following

the war, the Carnegie Institute took over the National Defte=n Research Conunitue facilities at Bnicetm.
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The Carnegie Group (C.I.T.) employed some outstanding researchers which cmtributed much of the current

sad charge knowledge. The leaders at Carnegie were R.V. Heine-Geldern, N. Rostoker, Emerson Pugh.

and his student, Robert Eichelberger (a former Director of BRL).

In addition to the work at C.I.T., important post-war contributions to shaped charge research were made

by L. Zernow and associates at BRL. Other laboratories making important contributions during this time

period were the Naval Ordnance Laboraory, Maryland (Solem and August), the Naval Ordnance Test

Station, California (Throner, Weinland, Kennedy. Pearson, and Rinehart), Picatinny Arsenal, New Jersey

(Dunkle), the Stanford Research Institute, California (Poulter), and others. Additional developments in

shaped charge technology, especially on the West Coast, are presented in Kennedy (1983).

Excellent bibliographical and historical information is provided in Bizkhoff (1947), Parker (1950). and

NRDC (1945). Ayton et a]. (1955) is somewhat more recent. This bibliography contains references, with

informative abstracts, to all pertinent literature found in books, periodicals, and reports on the subject of

shaped charges, particularly their military applications. The time frame covered is basically 1930 - 1954,

although some earlier backg: und material has been covered.

The shaped charge principle was clarified and understood as a result of the pioneering flash x-ray

photographs taken in the U.S. by Seely and Clark (1943), Clark and Rodas (1945) and in the U.K. by

Tuck (1943). Schumann and Schardin obtained similar flash radioguaphs in Germany in 1941

(Birkhoff 1947; Schumann 1945: Schardin and Thomer 194 1). Birkhoff (1947) and Schumann (1945)

discuss the "angry priority controversy" over the first flash radiograph. X-ray photographs (or flash

radiographs) are necessary since ordinary photographs are uninfornative due to the smoke and flame

associated with the detonation. See also Clark (1949).

Schardin and Thomer (1941) published excellent flash radiogrphs of collapsing shaped charges with

hemispherical liners. These x-ray phooorphs clearly depict the collapse of the heamipheical lin (as it

"aturns inside out from the pole") and illusuates the "pinch-off effect" as Ohe equatoral reglon of Ow lner

collapses on the jet The linr ws trnncated from the equato tormove this pch-off." These

phenomenon wae rediscovered some 30 yems lie.

The Roentgwblitz or flash x-ray is made possible by the very brief dscihrge of a high voltage x-ray

tube. The basic apparatus was developd by Dr. Slack of Watlhoue Blecot Coipuy (Slkme 1947).

Also, Linschitz and Paul (1943) experimentally stadied conical lin shaped cli m in dlffermi zaes

of collapse. Hand tamped nirogusaidlne of various densities was used as the explosive fill to achieve a
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partial collapse of the liner. The conical liner was recovered in water after a partial deformation, the degree

of liner deformation (or collapse) corresponding to the density of the explosive fill. The results showed

excellent agreement with the flash x-ray photographs.

Based on the analysis of the flash x-ray data and the partial collapse studies (Linschitz and Paul 1943),

analytical models of the collapse of a lined conical shaped shaped charge wer developed and verified by

Birkhoff (1947, 1943), Birkhoff et al. (1948), Evans (1950). Tuck (1943) and Pugh et al. (1952).

A bibliography and account of the weaponization of the shap.d charge and similar principles are given

in Backofen (1980a, 1980b, 1980() and Backofen and Williams (1981a, 1981b, 1981c). Backofen's

bibliography is extensive, especially regarding foreig. sources. Earlier, World War 11 time frame results and

bibliographical information are given in DM-I (1947), Parker (1950), NRDC (1945). Ayton et al. (1955).

Hill eL al. (1944). and NDRC (1946). The time line charts given in Walters and Zukas (1989) highlight the

major events in shaped charge advancement.

Shaped charge theory continued to develop during the 1950s. boosted by the Korean War (Cook 1958;

Kemnedy 1983; Berkholtz 1988; Walters 1986; Walters and Zukas 1989; Thomanek 1959, 1960;

Kolsky et al. 1949; Kolsky 1949; Evans and Ubbelohde 1950a, 1950b; Pugh et al. 1951; and Koski eA al.

1952). During this time period, tremendous progress was made toward the understanding of the phenomena

associated with shaped charge jets. Improved flash x-ray techniques were employed to obweve the jet

process and analytical models were improved. Efforu were made to improve existing shaped charge liners;

to use detonation wave shapers; to provide spin compensation via fluted liners; to provide shaped charge

follow-through mechanisms; and to enhance the overall system performance. Moses (1957) filed a U.S.

patent on wave shaping and follow-through conc-pts for a shaped charge munition. Also, slugs from

shaped charge firings were recovered and met•oaphic analyses wer performed by Desphande and
Singh (1959) and Singh et al. (1959). Jet temperature effects were examined by Robinson (1957) and the

effect of environmental pres and tempemmw on shaped charge jet fo(wmdon and perFamnance was stdied

by Reed and Cut (1950). BiM"hoff (1947) dicumed many of the poblems smill betn studied today and
additional information is given in Waters and Zuka (1989).

Starting in the 1950N and 1960 significant shaped charge developm ts were made posble by the

perfecting of experimental techniques such as high geed pbotgaphy and fkah radio•rophy. Other
improvements reulted from the transition from TNT to mom amwwc exp.ives, Le., bum TNT to
Comp B to Ociol and then to prssed explosives, notably LX.14. Also, akam modes of oUidstio (other

than point-initiation) and waveshaping techntques have provided wahead desin Impoovaenals Othe
advances stemmed from the development of large cmputr codes to simulate the collapse frmatin, and
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growth of the jet from a shaped charge liner. Numerical techniques and the advantages and limitations of

various computer codes for wave propagation and penetuation studies am discussed in deail in Walters and

Zukas (1989). These codes provide, for the most part, excellent descriptons of the formation of the jeL

Cunm-rly, shaped charge research continues in order to devise a successful counenmeasure to the

advanced armors currently fielded and/cr contemplated, see e.g.. Kennedy (1985). Studies which originated

in the 1950s still continue; notably, torpedo applications of shaped charge rounds, anti-aircraft rounds,

fragmentation rounds, multi.staged or tandem waheads, long stadoff rounds, non-onical liners, and non-

copper liners. Also, meualurgical and chemical aspects of the liner material as well as methods of liner

fabrication remain importanL
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